In humans, changes in brain structure and function can be measured non-invasively during postnatal development. In animals, advanced optical imaging measures can track the formation of synapses during learning and behavior. With the recent progress in these technologies, it is appropriate to begin to assess how the physiological processes of synapse, circuit, and neural network formation relate to the process of cognitive development. Of particular interest is the development of executive function, which develops more gradually in humans. One approach that has shown promise is molecular genetics. The completion of the human genome project and the human genome diversity project make it straightforward to ask whether variation in a particular gene correlates with variation in behavior, brain structure, brain activity, or all of the above. Strategies that unify the wealth of biochemical knowledge pertaining to synapse formation with the functional measures of brain structure and activity may lead to new insights in developmental cognitive psychology.
INTRODUCTION

I
t is well known that human performance on cognitive tasks requiring executive attention improves with age during the first ten years of life [Diamond, 1988; 1996 : Flavell et al., 1966 Espy, 1999] . Developmental changes in the meso-cortical dopamine system are thought to underlie normal development of executive functions [Diamond, 1996] . Frequently, the cellular development of dopaminergic projections is cited as a possible explanation for this phenomenon. In macaques, for example, the 'A not B' task normally shows a sharp increase in performance during the first six months of life. Behavioral performance is paralleled by a post-natal increase in DA levels [GoldmanRakic, 1981] and an increase in DA receptor gene expression [Lidow MS et al., 1991] . In addition, tyrosine hydroxylase (TH)-positive processes in prefrontal areas 9 and 46 show a gradual maturation of axons and varicosities up until two to three years of age [Rosenberg and Lewis, 1995] . Such changes in cellular arborization suggest that dopaminergic synapse formation plays a role in the normal development of inhibitory control and executive attention. In humans, postnatal development proceeds with a period of synaptic overgrowth followed by a period of synaptic pruning near adolescence [Huttenlocher et al.,1982] . A relatively delayed period of synaptic and dendritic development occurs in the prefrontal cortex (PFC) [Huttenlocher, 1979; Conel, 1939] . While a delay in synaptogenesis and dendritic arborization in the PFC correlates with a relative delay in the onset of executive function, it is not clear how the regulation of synaptogenesis influences normal cognitive development.
Suggestive Evidence Linking Disruptions in Synaptogenesis With Abnormal Cognitive Development
More evidence implicates abnormal pre-and post-natal synaptogenic processes in disorders where executive function is diminshed or severely developmentally delayed. The most striking example is seen in fragile-X mental retardation (FMR). This genetic disorder [reviewed in Irwin et al., 2000; Hagerman, 1997] arises from the loss of function of a single gene that encodes the fragile-X mental retardation protein (FMRP). This protein is locally translated in synaptic spines in response to neuronal stimulation [Weiler et al., 1997] . Golgi-histochemical studies of post-mortem tissue from patients with FMR show no gross anatomical disturbances, but rather abnormalities in the quantity and morphology of dendritic spines in pyramidal cells [Wisniewski et al., 1991] . An excess of dendritic spines in fragile X patients indicates a deficit in synaptic pruning. This pathology is also seen in mice that are deficient in FMRP whose pyramidal neurons show an excess of spines [Kooy et al., 1996] . Other forms of mental retardation seem to implicate synaptogenesis as a key step in cognitive development. Mutations in the rho-family of small GTPases which are key regulators of synaptogenesis are implicated in mental retardation syndromes. oligophrenin-1, a rho activator, has been associated with X-linked mental retardation, and synaptojanin, a rho-family effector, is overexpressed in Down's syndrome [Billuart et al., 1998; Arai et al., 2002] .
Schizophrenia is another developmental disorder where many independent lines of evidence point to abnormalities in the process of synapse formation. Glucose utilization and blood flow measures of patients with schizophrenia reveal diminished function of the frontal cortex [Goldman-Rakic and Selemon, 1997; Andreasen et al., 1992; Weinberger er al., 1986; Park and Holzman, 1992] . Gene expression measures on post-mortem brain tissue from patients with schizophrenia show that many genes involved in pre-and post-synaptic regulation of synapse function are differentially expressed in the pre-frontal cortex [Mirnics et al., 2000; Vawter et al., 2002; Hakak et al., 2001; Hemby et al., 2002] . A loss of synaptogenic gene function may be related to decreases in dendritic spine density in prefrontal cortex layers 3 and 4 [Glantz and Lewis, 2000] . Interestingly, some of the downregulated genes, such as nsf and vacuolar ATPase are directly involved in energy consumption via ATP hydrolysis and thus may contribute to the diminished metabolism of the PFC seen in schizophrenia. Further evidence of disruption of normal synaptogenic processes can be found in longitudinal brain structure studies of patients with early onset schizophrenia. An accelerated loss of grey matter seems to appear early in parietal areas and spreads through adolescence to temporal and frontal areas [Thompson et al., 2001] . A loss of grey matter may be related to decreases in input from the mediodorsal thalamic nucleus, given the evidence for a decreased number of these neurons [Young et al., 2000] and reduced thalamic size [Andreasen et al., 1994] . Examinations of stress induced neuronal excitotoxicity in schizophrenia reveals more clues about mechanisms of synaptic loss. Dopaminergic innervation of interneurons in layers II and V appear to be increased in post mortem analyses of schizophrenia [Benes, 2000] . Under normal conditions, the synaptic contacts on local interneurons that utilize DRD2 receptors result in inhibition of cell activity [Nicola et al., 2000] . Such hyperinnervation of interneuronal DRD2 contacts is suspected to disable local inhibition of pyramidal cells and lead to excess glutamatergic signalling and excitotoxic damage in downstream brain areas.
Cellular and Molecular Genetic Clues
Ramon y Cajal was the first to identify dendritic "espinas" and to suggest that these were sites that allowed neurons to connect and exchange information [DeFelipe and Jones, 1988] . Current studies on synaptogenesis use similar histochemical Golgi-staining methods as well as new methods that allow the visualization and 3-D reconstruction of synapses and dendritic spine movements in vitro and in vivo. Many time-lapse digital videos showing the dynamic movements of developing synapses have been published on the world-wide-web [Bonhoeffer and Yuste, 2002] . In vivo studies using 2-photon laser scanning microscopy have shown that experience-dependent functional changes in the adult neocortex are associated with a continuous cycle of synapse loss and new synapse formation [Lendvai et al., 2000; Trachtenberg et al., 2002] . In humans, where microscopic approaches are not feasible, some indirect measures have been applied. PET studies that measure cerebral glucose utilization via labeled 2-deoxyglucose, have shown that the frontal cortex is delayed in glucose consumption during post-natal development and undergoes a rise and subsequent diminution of utilization around 10 years of age [Chugani, 1998] . These results are similar to the synapse counting results of Huttenlocher, although the direct relationship between glucose utilization and the metabolic demands of synaptogenesis and synaptic transmission may be complex [Chugani, 1998] . Some progress has been made using MRI-based brain morphometry [Thompson et al., 2001 ]. This technique has been evaluated in the context of cognitive development [Casey et al., 2000; Geidd et al., 1996] and in rodent models showing that stress induced hippocampal dendritic remodeling and kainic acid induced hippocampal cell loss lead to changes in MRI-based hippocampal volume [Wolf et al., 2002a; 2002b] .
One approach that has provided further insight is molecular genetics. As mentioned above, several gene expression differences between normal and post-mortem schizophrenic brains have been identified. These gene expression studies build on the wealth of knowledge of the biochemical and molecular mechanisms of synaptogenesis. A core cellular and molecular pathway has been identified that describes the common stages of synapse assembly across different brain regions, cell-types, and developmental stages [reviewed in Garner et al., 2000] . The multi-step process begins with axonal growth cones or axonal filopodia searching for proper axo-dendritic, axosomatic, or axo-axonal contact sites [Schaefer and Nonet, 2001 ]. Many axonal attractant, repellant, cell adhesion, and other cell surface receptor molecules have been identified and shown to regulate these early stages of circuit formation [Chisholm and Tessier-Lavigne, 1999] . Many of these genes play a role in the so-called 'wiring problem' of the brain and reveal how the human genome with only 30,000 genes may encode wiring information for several billion neurons. [Clandinin and Zipursky, 2002] . As target sites are located, presynaptic maturation involves the accumulation of neurotransmitter-filled vesicles and other multiprotein complexes that form in the active zone to sort, release, and recycle neurotransmitter vesicles. The molecular machinery involved in vesicle sorting, fusion, and recycling is well studied and some of the vesicle fusion components such as SNAP25 (discussed in detail below) have been found to be under-expressed in patients with schizophrenia. On the post-synaptic side, initiation of assembly involves the clustering of NMDA receptor subunits via PDZ-domains and interactions with the PSD-95 protein, a major component of the postsynaptic density. As NMDA channels are activated, both Ca ϩϩ and rho-familyGTPase dependent remodeling of the actin cytoskeleton and alterations in spine morphology (as seen in the time-lapse videos) facilitates further specialization of the post-synaptic density and optimal synaptic strength [Sabatini et al., 2002] . This core pathway of axonal contact, neurotransmitter release, assembly of the post-synaptic density, and spine morphogenesis is subject to many higher levels of feedback regulation. The cellular pathways underlying higher levels of regulation are of special interest, particularly during post-natal cognitive development when activity dependent remodeling and a 'use it or lose it' regimen guides neural network development [Cline 2001; LeVay et al., 1980] . Further details of these "More evidence implicates abnormal pre-and post-natal synaptogenic processes in disorders where executive function is diminshed or severely developmentally delayed. The most striking example is seen in fragile-X mental retardation (FMR)." molecular pathways can be found elsewhere [Schaefer and Nonet, 2001; Garner et al., 2002] . As mentioned above, many of the proteins involved in the core pathway of synapse assembly have been shown to be differentially expressed in patients with developmental disorders. Another example of such a gene is the regulator of Gprotein coupled signaling (RGS4) gene. This gene showed dramatically reduced expression in subjects with schizophrenia [Mirnics et al., 2000] . RGS4 is one of over 20 RGS family members acting as GTPase-activating proteins providing negative feedback regulation to postsynaptic G-protein coupled signaling. In addition to the loss of expression in schizophrenia, RGS4 was found to reside on chromosome1q21-22, a well known schizophrenia susceptibility locus [Brzustowicz et al., 2000] . This suggests that the loss of expression might be underlain, not by environmental factors, but perhaps by genetic variation unique to the affected patients. Alleleic variants of RGS4 were examined in a population-based gene association study and several polymorphisms were found to be preferentially transmitted to affected probands [Chowdari et al., 2001] . A similar example is brain derived neurotrophic factor (BDNF). Like FMRP, this gene shows increases in expression in response to neural stimulation [Rocamora et al., 1996] and influences dendritic morphology [McAllister et al., 1996] . Like RGS4, allelic variants in this gene have been associated with schizophrenia [Krebs et al., 2000] and MRI-based brain volume [Wassink et al., 1999] .
Studies on RGS4 and BDNF couple two genetic techniques; that of gene expression level analysis (how abundantly the gene is expressed in individuals with the disorder) and gene-association analysis (what genetic variants are inherited by individuals with the disorder). Over the past 10 years, the vast majority of psychiatric genetic studies have focused almost exclusively on the "dopamine hypothesis" and dopaminergic genes. The recent gene expression findings mentioned above are notable in that very few, if any, genes involved in dopaminergic neurotransmission were found to be mis-expressed in schizophrenia. This suggests that synaptogenesis-related genes may be more central culprits in the origins of schizophrenia. Lewis and colleagues proposed a developmental model based on the normal post-natal trend of synaptic overproduction and pruning ]. In their model, limited deficits in synaptic assembly arise in subjects who are genetically predisposed to schizophrenia. The disorder however, is not observed throughout most of development since early in life there is a trend toward exuberant synaptic overproduction. As adolescence approaches, the gradual process of synaptic pruning then may expose the primary deficits in synapse function and lead to a situation where inadequate or abnormal transmission exposes a cognitive deficit.
As a first step in pursuit of the "synaptogenesis hypothesis" and to further understand how genetic variation in genes that encode synaptic regulatory proteins might influence the development of executive function, we have examined the genetic underpinnings of executive attention in normal adult subjects. The neural networks that carry out attention are well studied and there is a wealth of data showing that executive attention is a core deficit in many psychiatric illnesses. For example, patients with schizophrenia exhibit difficulties in sensorimotor gating [Geyer and Braff, 1987] , smooth pursuit eye-tracking [Matthysse et al., 1986] , set-shifting [Pantellis et al., 1999] , and working memory [Carter et al., 1998 ]. Children with attention-deficit/hyperactivity disorder (ADHD) exhibit abnormal performance in sustained and executive attention tasks [Swaab-Barneveld, et al., 2000; Swanson et al., 2000] . We have utilized the Attention Network Test (ANT), a behavioral assay that measures three separate aspects of attention [Fan et al., 2001] , and is based on functional neuroimaging studies that have yielded evidence on neural areas involved in aspects of attention [Corbetta et al., 2000; Posner and Petersen, 1990] . Imaging data have supported the presence of three anatomical networks related to different aspect of attention. These networks carry out the functions of alerting, orienting, and executive control [Posner and Petersen, 1990; Fan et al., 2002] . Genetic studies of attention in normal adult subjects can be informative since attentional performance in normal subjects appears to be influenced by genetic factors [Cornblatt et al., 1988; Bartfai et al., 1991; Myles-Worsley and Coon, 1997; Cannon et al., 2000; Pardo et al., 2000] and because unaffected first degree relatives of schizophrenic patients often show impaired executive function [Faraone et al., 1999] . Inter-subject variability on the ANT has also been shown to be at least somewhat heritable, which makes the assay useful for candidate gene association studies on executive attention [Fan et al., 2001b] .
Molecular Genetic Studies on SNAP25 and its Potential Role in Executive Attention
One candidate gene of particular interest is the SNAP25 gene. This gene, like RGS4, is differentially expressed in schizophrenia [Hemby et al., 2002] . It was originally identified as a synaptic vesicle gene that is preferentially expressed in neurons and that plays a key biochemical role in synaptic vesicle fusion [Zhao et al., 1994] . Biochemically, it participates in neurotransmitter release via the establishment of an anchor complex that facilitates vesicle fusion with presynaptic plasma membrane [Shao et al., 1997] . Developmentally, it may play a key regulatory role since selective inhibition via antisense oligonucleotides blocks cortical neurite elongation [Osen-Sand et al., 1993] . A mutant mouse, Coloboma, carrying a deletion of this gene shows high levels of hyperactivity [Wilson et al., 2000] and disruptions of dopaminergic signaling [Jones et al., 2001 ]. Gene association studies have related allelic variants of SNAP25 with attention deficit hyperactivity disorder (ADHD) [Brophy et al., 2002; Mill et al., 2002; Barr et al., 2000] . Although there is no formal evidence supporting a synaptogenesis deficit in ADHD, diminished brain volumes have been reported [Castellanos et al., 2002] . Because of this converging evidence, we investigate the influence of this gene on normal executive attention.
METHODS
To determine whether inter-subject variation in the SNAP25 gene correlates with inter-subject variation in executive attention as measured by the ANT, we performed a pilot gene association study. 120 normal subjects with normal or corrected to normal vision and " . . . many of the proteins involved in the core pathway of synapse assembly have been shown to be differentially expressed in patients with developmental disorders."
no history of psychopathology were recruited and administered the ANT as previously described [Fossella, et al., 2002] . This population is relatively small and ethnically heterogeneous and is most appropriate for the rapid analysis of quantitative data in normal subjects where promising candidate genes are known. The ANT was performed as previously described . Briefly, participants viewed the stimuli and responses were collected via two mouse buttons. Stimuli consisted of a row of five visually presented horizontal black lines, with arrowheads pointing leftward or rightward, against a gray background where the target was a leftward or rightward arrowhead at the center. This target was flanked on either side by two arrows in the same direction (congruent condition), or in the opposite direction (incongruent condition), or by lines (neutral condition).
The participants' task was to identify the direction of the centrally presented arrow by pressing one button for the left direction and a second button for the right direction. Cues consisted of a 100 msec asterisk presented 400 msec before the target. There were four cue conditions: (1) no-cue, participants were shown a cross which was the same as the first fixation for 100 ms; (2) central-cue, which was at the central fixation point; (3) double-cue, in which cues were presented on the two possible target locations simultaneously (both above and below the fixation point); and (4) spatialcue, cue was presented right on the target location (either above, below the central fixation point).
A session consisted of a 24 -trial practice block and three experimental blocks of trials. Each experimental block consisted of 96 trials (12 conditions: 4 warning levels ϫ 2 target locations ϫ 2 target directions ϫ 3 congruency conditions, with 2 repetitions). The presentation of trials was in a random order. Participants were instructed to focus on a centrally located fixation cross throughout the task, and to respond as fast, also as accurately as possible.
Values for attention network efficiency were calculated from the raw reaction time data as previously described. Medians were calculated for each test condition (4 cue levels by 3 target levels, 12 conditions in total) to avoid the influence of the outliers. The executive effect was calculated by subtracting the mean RT of congruent conditions from the mean RT of incongruent conditions. To reduce the potential confounding effect of overall RT, raw attention network scores were divided by overall RT and resulting normalized ratio scores were used in the genetic analysis seen in Figure  1A .
Buccal swabs were collected from consenting subjects and genomic DNA was prepared as previously described [Fossella et al., 2002] . Briefly, buccal swabs were obtained via buccal cell brush from consenting subjects and prepared as directed by the manufacturer. We used the MasterAMP Buccal Swab DNA Extraction Kit (Epicentre Technologies, Madison, WI). Yields range from 0.5 to 3 g of DNA from each buccal sample. Yields were determined spectrophotometrically by absorbance at 260nm. Taq polymerase, PCR buffer, and dNTPs were obtained from QIAGEN and used at recommended concentrations for a 20ul PCR reaction. PCR reactions and restriction digests (PCR-RFLP) were optimized and performed on the PTC-100 Programmable Thermal Controller (MJ Research) outfitted with a heated lid for oil-free amplifications. A 'touchdown' PCR cycling regimen and the addition of DMSO (10% final v:v) was used in order to automatically optimize the hybridization stringency. Gel electrophoresis in either LE agarose followed by staining in ethidium bromide was used to resolve and visualize DNA fragments. A single nucleotide (T vs. C) polymorphism in the non-coding region of SNAP25 gene was detected via PCR using forward primer (5'-TTCTCCTC-CAAATGCTGTCG-3') and reverse (5'-CCACCGAGGAGAGAAAATG-3') primers, followed by digestion with DdeI (New England Biolabs). This results in two possible bands; one at 261bp (T) and one at 228bp (C). After gel electrophoresis, genotypes were scored as T/T homozygote, T/C heterozygote or C/C homozygote as described [Barr et al., 2000] .
Following the collection of genotypes, performance data for executive attention and overall reaction time were grouped according to each genotypic class. Figure 1A shows the distribution of (Fig. 1A ) and overall performance (Fig. 1B) . The Y-axis shows the normalized executive attention scores (Fig. 1A) and overall mean reaction time (Fig. 1B) . The X-axis shows each genotypic class.
executive attention performance (incongruent -congruent) scores and Figure 1B shows the distributions of overall reaction time and executive attention scores as a function of genotype at the SNAP 25 locus. A higher score on the Y-axis in Figure 1A reflects a longer time taken in resolving conflict between stimulus and response. Subjects (Nϭ120) with the T vs. C single nucleotide polymorphism genotype are plotted according to their genotype as T/T homozygotes (Nϭ86), T/C heterozygotes (Nϭ27) and C/C homozygotes (Nϭ7). As seen in Figure  1A , there is a nonsignificant trend toward less-efficient executive attention scores in subjects with the C/C genotype. This type of data exemplifies the 'candidate gene association' approach where differences in the sequence of the gene are correlated with differences in a measured trait such as executive attention. As is typical of most such studies, the results below do not support a significant association between SNAP25 and executive attention, but rather show a weak trend. Power calculations show that this population (N ϭ 120) where one of the alleles is uncommon ('C' allele has a frequency of 0.18), is suitable for the detection of associations merely at the P ϭ 0.05 level. Much larger sample sizes would be required to reach the recommended stringent (P ϭ 0.0001) levels. Interestingly though, as shown by comparison to Figure 1B , the influence of SNAP-25 seems to be somewhat specific to executive attention rather than overall performance as measured by reaction time. Studies of larger scale are required however, to establish whether SNAP25 exerts global or specific effects on processing.
CONCLUSIONS
Increases in synapse density and arborization seen in the prefrontal cortex of primates and humans seems to correlate with a relative delay in acquisition of executive attention, however, little direct evidence provides a mechanism for how synaptogenic processes influence cognitive development. While several disorders such as fragile-X mental retardation and schizophrenia show deficits in synapse formation, it is not clear how these synaptogenic deficits lead to loss of function in frontal-striatal networks. One possible line of research involves correlating genetic variation in synaptogenesis genes, with differences in executive attention. The molecular genetic approach builds on the fact that mental retardation syndromes and schizophrenia both are heritable. This approach also builds on the finding that many genes are misregulated in these disorders and some of the mis-regulated genes contribute to the inherited susceptibility. Here, we assessed the role of SNAP25, one candidate gene that plays a key role in presynaptic regulation of synaptogenesis. We asked whether genetic variation in this gene was correlated with variation in performance on a task that measured executive attention. The methods used here are straightforward and appropriate for further studies on candidate genes involved in synaptogenesis. The ease of high throughput genotyping should make follow-up studies on synaptogenesis related genes and executive attention relatively simple, fast, and inexpensive. While there are several limitations to the candidate gene association approach [Sullivan et al., 2001; Karmiloff-Smith et al., 2001] , further integration of genetic data with MRI-based morphometry analyses and fMRI based functional analyses [methods described in detail by Kennedy et al. and Davidson et al. in this issue] may also help to better understand how the regulation of synapse formation influences the development of executive attention in humans. Durston and Eigsti and Shapiro [also in this issue] both comment on this approach in their reviews of the neurobiology of ADHD and autism, respectively. f
